The microstructure evolution during thermo-mechanical processing of a state-of-the-art Ti-Nb HSLA steel with a tensile strength of 780 MPa has been investigated with laboratory investigations. The entire hot strip rolling process was simulated with hot torsion tests. Using the Gleeble 1 500 thermomechanical simulator, constitutive behaviour, static recrystallization and austenite decompositon were quantified with single and double hit tests as well as continuous cooling transformation (CCT) tests. Precipitation strengthening was studied using aging tests. Based on the experimental results a microstructure model is proposed for hot rolling, run-out table cooling and coiling of the investigated steel. The model has been applied to predict the microstructure of industrially processed coils. The prediction of the ferrite grain size is seen to be in good agreement with that obtained during industrial hot strip rolling.
Introduction
High-strength low-alloy (HSLA) steels are an important class of materials in automotive applications, primarily for the development of fuel-efficient, lightweight vehicles. HSLA steels with tensile strengths as high as 780 MPa are currently used for high-strength vehicle components, e.g. wheel discs. Development of new products with even higher strength and/or an improved strength-ductility relation is an ongoing market demand. Thus, it can be expected that hot rolled products with tensile strength of 1 000 MPa will be commonly applied in the near future. Currently, strength levels in the 550-800 MPa range are related to a predominantly quasi-polygonal ferrite microstructure with grain sizes of 3 mm or below and precipitation hardening which is associated with microalloying elements such as Ti and Nb.
For these steels, controlled rolling in a hot mill and accelerated cooling on the run-out table are the key processing steps to develop the desired fine grained ferrite microstructure as a result of the austenite decomposition. In order to make an effective use of alloying elements and to design optimized processing routes, it is required to gain a detailed knowledge of the underlying metallurgical phenomena, i.e. recrystallization, austenite decomposition, precipitation etc. A number of microstructural evolution models have been developed for hot rolling over the last two decades and validated for various steels including HSLA steels with tensile strengths of 400-500 MPa. [1] [2] [3] [4] [5] [6] [7] [8] However, the development of these models for higher strength HSLA steels is still in its infancy. A first attempt to extend these model approaches to a 550 MPa HSLA-Nb/Ti steel has been proposed by Militzer et al. 8, 9) The objective of the present investigation is to extend this microstructure modelling work further to the 780 MPa class of HSLA steels. In these higher strength steels with increased alloying additions, recrystallization may be inhibited such that retained strain accumulates during finish rolling. Further, higher undercooling may be required for transformation to take place thereby affecting the final microstructure. Thus, it is essential to understand the characteristics of recrystallization and transformation in these steels and to evaluate the extent to which the models previously proposed for lower strength low carbon steels remain applicable.
In the present work, constitutive behaviour, static recrystallization, austenite decomposition and precipitation of a state-of-the-art Ti-Nb HSLA steel with a tensile strength of 780 MPa have been investigated for rough and finish rolling as well as run-out table cooling. Torsion tests have been carried out to simulate the entire hot rolling process from reheating to coiling. Constitutive behaviour and static recrystallization kinetics have been studied in axisymmetric compression with single and double hit tests, respectively. Constitutive equations and a recrystallization model have been developed based on the experimental results. These models can be used to facilitate roll force predictions and permit the quantitative description of the static recrystallization kinetics and recrystallized grain size in the present steel. The austenite decomposition kinetics have been studied in detail with continuous cooling transformation (CCT) tests. The effects of initial austenite grain size, cooling rate and retained strain on the austenite decomposition kinetics have been quantified. Based on the experimental investigations, an austenite-to-ferrite transformation model which also predicts the resulting ferrite grain size has been proposed for the present steel. Precipitation strengthening kinetics has been quantified with aging tests. The overall microstructure model has been evaluated by simulation of industrial processing conditions and microstructure analysis of an industrially produced coil sample.
Material and Experimental Procedures

Material
Samples of a commercial Ti-Nb HSLA steel were supplied by the Mizushima Works of Kawasaki Steel, now JFE Steel Corp., in the form of transfer bar and as hot-rolled coil. Transfer bar material was used to machine specimens for subsequent torsion, compression and transformation tests. Table 1 shows the chemistry of the present steel. Notably, the Mn content is 1.82 %, i.e. significantly higher than that of a previously examined 550 MPa grade containing 1.35 % Mn. Using THERMOCALC with the Fe 2 000 data base, the Ae3 temperature (T Ae3 ) has been determined to be 823°C for the given steel chemistry. Further, the present steel contains Ti as the principal microalloying constituent with Nb being the secondary microalloying element; previous studies had emphasized HSLA grades with predominantly Nb microalloying.
8)
Experimental Procedures
To simulate the thermo-mechanical processing of a hot strip mill, torsion tests were carried out on a hot-torsion simulator HTS 100. The torsion specimens are 183 mm in length with a diameter of 14.3 mm; the gauge length of the working zone is 12.7 mm with a diameter of 10 mm. There is feedback temperature control employing a spot-welded thermocouple during reheating and an optical pyrometer during multi-pass deformation, respectively. After deformation the specimens are cooled to room temperature at approximately 50°C/s using He gas. To determine the effect of coiling temperature on precipitation strengthening, discs were cut from the torsion samples after simulation. These discs were then subjected to aging treatments at various temperatures in salt baths for holding times of up to two hours and in an air furnace for longer holding times. Hardness tests were carried out to quantify the aging behaviour.
To evaluate individual microstructure phenomena, tests were conducted on a Gleeble 1 500 thermo-mechanical simulator including austenite grain growth, single and double hit as well as CCT tests. The austenite grain growth tests were required to established suitable austenitization conditions for subsequent deformation and transformation studies that were performed for various initial austenite grain sizes. In the grain growth studies, rectangular specimens (3 mmϫ6 mmϫ15 mm) were heated at 5°C/s to reheating temperatures in the range of 950 to 1 250°C followed by holding for selected times before He gas quenching to reveal the prior austenite microstructure using etching and optical microscopy. Grain sizes were measured as equivalent area diameter (EQAD) using Jeffries method. 10) To describe the effect of initial austenite grain size on recrystallization and transformation kinetics it is useful to use the volumetric grain size which can be obtained by multiplying the measured EQAD with a factor of 1.2.
11)
Single and double hit tests were performed in axisymmetric compression employing cylindrical specimens of 10 mm diameter and 15 mm length. Following austenitization, specimens were cooled at 10°C/s to the deformation temperature, where they were held for 30 s in order to homogenize the temperature distribution in the specimens, which were then deformed at temperatures in the range of 900 to 1 200°C and at strain rates in the range of 0.1 to 10 s
Ϫ1
. In single hit tests the applied strain was 1. In double hit tests, the applied strains in the first hit were relatively small, i.e. in the range of eϭ0.15-0.27, to observe only static recrystallization. After the first deformation, the compressive stress was relaxed and the samples were held for a selected time before they were deformed again under the same temperature and strain rate conditions as in the first hit. Recrystallized microstructures were investigated using specimens of 4 mm diameter and 6 mm length. The condition of the double hit tests were replicated up to the first hit and then the specimens were held for the time required to obtain approximately 95 % recrystallization, as determined from the data of the double hit tests. Subsequently, the specimens were quenched by He gas to facilitate the observation of the austenite microstructure in optical microscopy.
CCT tests were carried out to measure the austenite decomposition with dilatometry as a function of cooling rate and initial austenite microstructure. For this purpose, tubular specimens of 8 mm diameter, 1 mm wall thickness and 20 mm length were employed in tests without retained strain. Solid specimens with a cylindrical working zone of 6 mm diameter and 10 mm length were used in tests with retained strain. Following austenitization, specimens were cooled at 10°C/s to a designated temperature, i.e. 950°C for tubular specimens and 900°C for solid specimens, where they were held for 30 s for temperature homogenization. A single hit deformation with the strain in the range of 0.3-0.5 was applied to the solid specimens under no-recrystallization condition. In the subsequent cooling process, the electric power for resistance heating was controlled to achieve the designated cooling patterns with cooling rates of less than 20°C/s in the tubular specimens and less than 80°C/s in the solid specimens. For higher cooling rates, He quenching was employed where cooling rates can be varied up to approximately 200°C/s by changing the gas flow rate. The sample temperatures were measured with a spot-welded thermocouple.
Results
Hot Torsion Simulation
For a standard hot torsion simulation of hot rolling, the specimens are reheated for 30 min at 1 250°C. The subsequent deformation schedule is summarized in Table 2 .
Rough rolling is simulated with one pass of strain 1 at 1 100°C. The finish mill simulation consists of 7 passes. All passes are executed at a strain rate of 1/s. The interpass times in the finish mill simulation are taken somewhat larger than in the industrial practice to allow for better temperature control in the laboratory simulation. Figure 1 shows the flow stress curves observed in the torsion test. The finish mill entry temperature is 1 041°C so that all 7 passes appear to be conducted under no-recrystallization condition. Work hardening is the dominant deformation process and very little indication of softening can be found in the flow stress curves. Similar observations have been made for slightly different torsion tests which simulate the actual industrial schedules more accurately. Thus, it can be concluded, that the present steel is controlled rolled with an accumulated strain in excess of 0.5 at the end of finishing rolling for commonly used rolling schedules. To evaluate mill loads, the deformation resistance of the steel has to be quantified by developing constitutive equations. Further, static recrystallization behavior is to be characterized to accurately establish the processing window for controlled rolling.
Austenite Grain Growth
Constitutive behaviour, recrystallization and transformation kinetics depend on the initial austenite grain size, d g . In the laboratory tests, the austenite grain size can be varied as a function of the austenitization treatment. A series of isothermal austenite grain growth tests was thus performed to select suitable austenitization conditions for subsequent deformation and transformation studies. Figure 2(a) shows the austenite grain size as a function of reheating temperature for isochronal tests with a holding time of 2 min. Increasing the temperature from 950 to 1 200°C raises the volumetric grain size from 12 to 48 mm while a further increase of temperature to 1 250°C leads to substantial grain growth with a grain size of 260 mm being recorded at this temperature. That the so-called grain coarsening temperature falls between 1 200 and 1 250°C is further confirmed with the grain growth kinetics shown in Fig. 2(b) . Clearly, grain growth is inhibited at temperatures of 1 200°C and below whereas substantial grain growth is found at 1 250°C with no apparent grain size limit being observed. This behaviour can be attributed to the dissolution of (Nb, Ti)C in this temperature range, as studied in more detail for the 550 MPa HSLA steel by Lechuk et al. 12) Table 3 summarizes the austenitization conditions and resulting volumetric austenite grain sizes which were employed in deformation and transformation tests.
Constitutive Behaviour
Single hit tests were performed to investigate the constitutive behaviour. The flow stress depends primarily on temperature and strain rate. As illustrated in Fig. 3 , the flow stress increases with decreasing temperature (T ) and increasing strain rate (ė). Further, there is comparatively little effect of austenite grain size on flow stress unless the stress-strain curves exhibit a peak.
A peak in the stress-strain curve indicates dynamic recrystallization which occurs more readily at smaller austenite grain sizes, higher temperatures and lower strain rates. The combination of these conditions indicates that dynamic recrystallization may occur in rough rolling. A detailed model of microstructure evolution during rough rolling is of minor significance for the prediction of the final microstructure in hot band. Thus, modeling of the flow stress curves will be restricted to the cases without peak. These experimental flow stress curves can be described by a hyperbolic sine function 13) Here Q def represents an effective activation energy and A, m, a 0 , c 1 , c 2 and c 3 are material parameters; RT has its usual meaning. The set of these parameters which permits to adequately describe the experimental results is summarized in Table 4 .
Static Recrystallization
Double hit tests were conducted to monitor the static recrystallization kinetics. By allowing a relaxation time after the first hit, static recovery and static recrystallization take place in the material. The softening fraction where s Y1 , s Y2 are the yield stresses obtained from the 0.2% offset method in the first and the second hit, respectively, and s max is the maximum stress in the first hit.
As proposed by Kwon and DeArdo, 3) it is assumed that the first 20% of softening can be attributed to recovery. Figure 4 shows the effects of deformation temperature, initial austenite grain size, the first hit strain and strain rate, on the recrystallized fraction. The recrystallization rate increases with temperature as illustrated in Fig. 4(a) . This effect can be explained by the higher mobility of grain boundaries. A retardation of recrystallization can be seen for interpass times between 1 and 10 s at 1 000°C. This result is consistent with the effect of strain induced precipitation of (Ti, Nb)C on recrystallization which can be expected to occur in the investigated steel at this temperature.
4)
The recrystallization rate increases with decreasing austenite grain sizes, as illustrated in Fig. 4(b) . This reflects that grain boundaries are preferred sites for the formation of new recrystallized grains. Further, recrystallization is promoted by increasing the applied strain and the strain rate, as shown in Figs. 4(c) and 4(d) because of the associated increase in driving pressure for recrystallization to take place.
Under the majority of the investigated conditions, static recrystallization takes place without concurrent strain-induced precipitation and these kinetic curves of fraction recrystallized show a typical sigmoidal shape. Then, the recrystallization kinetics can be described using the Avrami equation modeling approach, 14) i.e. (6) where X rex is the recrystallized fraction, k is the Avrami exponent and t 50 is the time for 50 % recrystallization. The parameter t 50 can be represented as a function of temperature, initial austenite grain size, applied strain and strain rate such that 4, 5, 15) ................... (7) where Q rex is an effective activation energy for recrystallization, and A 1 , A 2 , A 3 and A 4 are constants. Analyzing the experimental data, a rather small effect of temperature on the time for 50 % recrystallization was observed above 1 150°C, compared with the data for lower temperatures. Thus, two temperature ranges are considered for the modelling purpose, i.e. above and below 1 150°C (1 423 K). Similarly, recrystallization in the 550 MPa HSLA steel microalloyed with 0.086 wt% Nb and 0.047 wt% Ti has been described with two temperature ranges employing a separation temperature of 1 120°C.
8) The parameters for the time of 50 % recrystallization are summarized in Table  5 together with the Avrami exponent k for the present steel. As observed for the 550 MPa HSLA steel, only the parameters A 1 and Q rex are different in the two temperature ranges. Further, a k value of 0.6 falls into the range of values reported for the recrystallization kinetics of other HSLA steels.
8) The solid lines in Fig. 4 show the predicted recrystallization curves. Good agreement with experimental results is obtained except for cases with the lowest strain value of 0.15.
An important result of recrystallization is the resulting recrystallized grain size. With the help of microstructure investigation, it was confirmed that finer grains could be produced with smaller d g , larger e and lower temperature. The effect of temperature is smaller than the effects of the other factors. The recrystallized grain size (in mm) can, using the previously given format, 8) empirically be described by d rex ϭ8.49d g 1/3 e Ϫ0.872 exp(Ϫ10 600/RT ) ........... (8) to give a good agreement between predicted and measured grain sizes, as illustrated in Fig. 5 . Using this analysis, a recrystallized grain size of 50 to 70 mm is expected before no-recrystallization conditions are reached for typical rolling conditions.
Austenite-to-Ferrite Transformation Kinetics
Continuous cooling transformation (CCT) tests were performed to study the austenite decomposition kinetics. The initial austenite grain sizes, d g , of 13, 20 and 48 mm were employed to account for the situation of strain accumulation. Tests were conducted where strains of up to 0.5 were applied at 900°C. The results of these transformation studies were described in detail in a previous paper. 16) Here, the transformation behaviour for an accumulated strain of 0.5 which is relevant for the industrial rolling practices is discussed in-depth. It is of note that retained strain is a prerequisite to produce a predominantly ferrite microstructure under run-out table cooling conditions, as illustrated in Fig.  6 .
The effect of cooling rate, f, on the transformation temperature is shown in Fig. 7(a) for an initial austenite grain size of 13 mm and an applied strain of 0.5. Clearly, as the cooling rate increases, the transformation is delayed to lower temperatures. Similarly, increasing the austenite grain size lowers the transformation temperature (see Fig. 7(b) ). Examples of the resulting microstructures are displayed in Fig. 8 and indicate that decreasing the transformation temperature refines the ferrite microstructure. Thus, for a given cooling rate the ferrite grain size is markedly smaller for a coarser prior austenite microstructure. Further, refining the microstructure is associated with a gradual transition from equiaxed to quasi-polygonal ferrite. These tendencies are consistent with the results reported in the literature for other low carbon steels. 8, 17) However, there are important quantitative differences compared to previously investigated Nb microalloyed HSLA steels with Mn levels ranging from 0.48 to 1.35 wt%. 8, 18) In the present steel, a comparatively higher undercooling is required for the transformation to take place that can presumably be attributed to the higher Mn content.
The transformation start temperature, T s , is defined to be associated with a fraction transformed of X trans ϭ0.05. Adopting a model previously proposed for the austenite-toferrite transformation in low-carbon steels, the transformation start temperature can be represented as a function of a combined parameter of cooling rate and austenite grain boundary area. 19) The model assumes that early growth of ferrite nucleated at grain corners at temperature T N determines the experimentally observed transformation start. Adopting spherical growth geometry and steady-state Cdiffusion as rate controlling, the radius, R f , of the growing ferrite grain is determined from .................... (9) where D C is the carbon diffusivity in austenite, 20) c 0 is the average bulk concentration of carbon and c g and c a are the equilibrium carbon concentrations in austenite and ferrite, respectively, with orthoequilibrium conditions being adopted in the calculation to represent the local equilibrium at the austenite-ferrite interface. Assuming that nucleation site saturation at austenite grain boundaries provides the condition for transformation start, T S can be obtained from 19) ......................... (10) where c* indicates a limiting carbon concentration above which ferrite nucleation is inhibited. The concentration c* and the nucleation temperature T N are employed as adjustable parameters. Then, as illustrated in Fig. 9 , this model gives satisfactory predictions of the transformation start temperatures when T N ϭ1 035 K and c*ϭ1.4c 0 are taken. In contrast to the analysis of the 550 MPa HSLA steel with 1.35 wt% Mn, the nucleation temperature is a function of retained strain in the present steel; in case of zero retained strain T N is lowered by 45 K to 990 K. Ferrite growth is described with an Avrami equation 14) and adopting the additivity rule. To exclude non-ferrite transformation products from the analysis, the normalized ferrite fraction, X f , is used for the ferrite growth model. X f can be calculated from the transformed fraction, X trans , by where b and n are constants. In order to employ Eq. (12) for CCT tests without having isothermal data, the transformation rate can be considered as a function of temperature to determine b and n; i.e., ........ (13) The additivity rule requires that only b is a function of temperature whereas n must be temperature independent. 21) Assuming suitable values for n, b can be determined as a function of temperature from the transformation rates, as described by Pandi et al. 22) For low carbon steels, the following relationship has been proposed for the parameter b 8, 22) ln bϭa 1 (14) where a 1 and a 2 are constants.
In the present case, a similar assumption appears to be applicable for the more quasi-polygonal structures of interest for the industrial process. A more complex analysis is required for predominantly polygonal ferrite transformation products, as discussed elsewhere. 16) Quasi-polygonal ferrite is obtained for pancaked austenite microstructures with grain sizes of 20 and 48 mm, respectively. The Avrami parameters for these two sets of CCT tests are summarized in Table 6 . A satisfactory de- scription is achieved when nϭ1 is adopted, as generally proposed for the ferrite formation kinetics. 23) Predicted transformation curves are in good agreement with experimental data, as illustrated in Fig. 10 .
For practical purposes it is sufficient to describe the transformation kinetics by the additivity rule within the framework of an Avrami model where the parameter b is a function of temperature, and n is a constant. However, in order to understand the phenomena in more detail, an approach would be necessary which explicitly takes into account carbon diffusion and solute drag effects of Mn and other alloying elements, e.g. as recently proposed by Fazeli and Militzer.
24)
Ferrite Grain Size
The ferrite grain size is determined in the early stages of transformation and can be related to the transformation start temperature, as originally proposed by Suehiro. 25) For low carbon steels, the ferrite grain size d a (in mm) can be represented by 8) (15) where F is the ferrite fraction in the final microstructure, T s is the transformation start temperature in K, B and E are parameters to be determined experimentally. Figure 11 shows the relationship between ferrite grain size, d a , and transformation start temperature, T s , for transformation from a pancaked austenite microstructure with a retained strain of 0.5. For comparison, data for the 550 MPa HSLA steel 9) are shown in this representation. Interestingly, a single function of T s independent of initial austenite grain size and steel chemistry can be adopted for both steels to describe the ferrite grain size. Assuming Fϭ0.95 in Eq. (15), Eϭ18 100 K and Bϭ22.3 have been determined; the predicted ferrite grain sizes are indicated by the solid line in Fig. 11 .
From a practical point of view, it is of more interest to plot the ferrite grain size as a function of cooling rate which is the actual operational parameter on the run-out table.
Combining the transformation start model with the above ferrite grain size equation, the predicted ferrite grain size is shown as a function of cooling rate in Fig. 12 . This representation shows explicitly the trends of ferrite grain size with cooling rate and initial austenite grain size. Increase of both cooling rate and austenite grain size decreases the ferrite grain size.
Precipitation Strengthening
In the industrial process, (Nb, Ti)C precipitates form in ferrite during coiling and lead to significant precipitation hardening. Precipitation strengthening kinetics were quantified in the temperature range of 550 to 680°C on discs which were cut from torsion samples subjected to the standard simulation conditions (see Table 2 ). Figure 13 shows examples of the recorded aging curves which are typical for precipitation strengthening in HSLA steels. 26) In the present steel, the as-cooled hardness of the torsion samples is 235 HV and reaches a peak at approximately 290 HV indicating a 55 HV precipitation strengthening contribution. The peak strength is independent of temperature and the time to peak increases with decreasing temperature. As proposed for other HSLA steels, the Shercliff-Ashby model 27) can be used to rationalize the effect of temperature on peak time by introducing a temperature-corrected time, P, such where Q is an effective activation energy for the diffusion of the species controlling the rate of precipitation coarsening. Then, the peak time, t p , can be represented by (17) where P p represents the value of the temperature-corrected peak time. Using this approach, Qϭ310 kJ/mol and P p ϭ 8.6ϫ10 Ϫ19 s have been determined from the peak aging times for the present steel. As illustrated in Fig. 14 , this relationship adequately describes the temperature dependence of the peak time. A very initial estimate to translate aging data into expected precipitation strength during coiling would be to consider isothermal holding of one hour. Then, the results shown in Fig. 14 would suggest that 600°C appears to be an optimum coiling temperature to realize maximum precipitation strength. This optimum coiling temperature is lower than that predicted for HSLA-V and HSLANb steels. Figure 15 compares the predicted peak times in the present steel with those for the other HSLA steels. 26) Clearly, peak times are shorter in the present steel consistent with the lower coiling temperature required. Apparently, the precipitation reaction that is primarily controlled by Ti diffusion in the present steel occurs quicker than similar reactions in steels that are predominantly microalloyed with Nb or V.
The analysis of the peak times is a first step in developing a precipitation strengthening model. For the HSLA-V and HSLA-Nb steels, the Shercliff-Ashby model provides a reasonably good description for the entire aging curves. 26) However, this is not the case for the present steel. The actual aging kinetics deviates from the predictions of the Shercliff-Ashby model significantly, i.e. the strength is overpredicted for underaged material and underpredicted for overaged material. These discrepancies can be attributed to the simplified assumptions made in the model where coarsening is adopted as rate controlling mechanism. As discussed in more detail elsewhere for the 550 MPa steel and an 1.4 wt% Cu IF steel, 28) precipitate growth and the interaction of precipitation and dislocation hardening will have to be accounted for to develop a more accurate precipitation strengthening model. For industrial applications, detail of underaging and overaging behaviour is less significant. Further, inspection of the results shown in Fig. 13 indicate a rather wide peak where at least 90 % of peak strength is observed for times which are half an order of magnitude shorter and one order of magnitude larger, respectively, than the peak time. Thus, limits for proper coiling conditions can be concluded by evaluation of the normalized temperature-corrected time, ................. (18) along the cooling path of a coil. Maximum precipitation strength occurs at P*ϭ1 and for 0.3ϽP*Ͻ10 it is expected that 90 % or more of the precipitation strengthening potential is being realized.
Simulation for Industrial Condition
The above models were applied to simulate the industrial conditions of finishing rolling and run-out table cooling, which are the most significant processes during hot strip rolling. Figure 16 shows a typical microstructure of a coil sample. Elongated ferrite grains are observed with a ferrite grain size of 1.6 mm. The ferrite fraction is approximately 97 %.
Using typical values for initial austenite microstructures expected at the end of the finishing mill; i.e., eϭ0.5-1.0 and d g ϭ50-70 mm, as well as for run-out table cooling; i.e., fϭ40-80°C/s, the transformation start temperature is estimated to be in the range of 560-640°C. These values of T s translate into ferrite grain sizes below 2 mm, as indeed observed. Further, using the actually measured d a ϭ1.6 mm and Fϭ0.97 in Eq. (15), a transformation start temperature T s of approximately 610°C is calculated. Assuming that cooling of a coil occurs at 30°C/h, the range of coiling temperatures from 575 to 645°C is predicted to realize at least 90% of the precipitation hardening potential of Ti and Nb. Thus, the temperature of 610°C falls actually in the middle of the predicted suitable coiling temperature window and would be a very reasonable target choice for industrial coil- ing practices. In summary, the proposed transformation, ferrite grain size and precipitation strengthening models give satisfactory predictions for this very initial and approximate evaluation of industrial run-out table processing conditions.
Conclusion
Based on laboratory simulations, a microstructural model has been proposed for finish rolling and run-out table cooling of a Ti-Nb HSLA steel with 780 MPa tensile strength. The model represents a first extension of approaches previously proposed for plain carbon and lower strength HSLA steels. It has been confirmed that established procedures for description of constitutive behaviour and static recrystallization kinetics remain applicable also for the 780 MPa grade. The austenite-to-ferrite transformation model extends approaches previously developed for low carbon steels with polygonal ferrite microstructures to the quasi-polygonal ferrite observed in this higher strength steel. A precipitation strengthening model approach proposed for lower strength HSLA steels can be used, at least as a first approximation, to delineate the ranges of coiling temperatures to obtain required precipitation strength. An initial validation of the ferrite grain size and precipitation models with industrial data shows promising results. For a comprehensive evaluation of recrystallization and transformation models, a detailed analysis of industrial data would be necessary. For this purpose, the microstructure model could, for example, be coupled with temperature and deformation models in the framework of a hot strip mill model, as described by Shulkosky et al. 29) To develop a complete structure-property model, a more detailed submodel for precipitation strengthening kinetics and their interaction with dislocation hardening has to be proposed. A general challenge in developing accurate process models for high-strength steels with quasi-polygonal microstructures is the characterization of these microstructures and the associated strength contributions from dislocation hardening. A combination of in-depth metallography, transmission electron microscopy and microhardness measurements appears to be a suitable way to generate the required information for proposing adequate structureproperty relationships. Such work would also be of great benefit for developing process models for advanced high strength steels such as complex phase steels.
